From measurements of Hf-Yb mixtures, we have found that the correction of isobaric interferences involving accepted Yb isotope ratios and reasonable estimates of mass bias result in a significantly under-corrected 176 Hf, which is proportional to the amount of Yb added. This can be explained by (1) a significant difference in the instrumental mass bias between Hf and Yb, and (2) that the accepted values for isotopic ratios within the Yb and/or Hf systems are incorrect. We have evaluated these possibilities by measuring mixed solutions of Yb and Hf on two MC-ICP-MS instruments and undertaking a series of REE fractionation experiments using a thermal ionisation mass spectrometer (TIMS). Our results indicate that the presently accepted abundances of the Yb isotopes are not appropriate. We present new values for Yb isotopic abundances based on the TIMS and MC-ICP-MS results. Using the newly defined Yb values, we demonstrate that Yb and Hf have similar levels of mass bias in plasma ionisation instruments, and that Hf isotope ratios can be used to correct Yb mass bias before subsequent correction of isobaric interference. A laser ablation comparison of Yb and Hf indicates that similar relationships exist, and can be applied to micro-analytical techniques where chemical separation is not possible.
Introduction
Hafnium isotope studies have increased in number since the advent of plasma source mass spectrometry, which, unlike traditional thermal ionisation mass spectrometry (TIMS), overcomes the difficulties of elements with high first ionisation potential. Most analytical protocols and correction procedures for MC-ICP-MS are directly transferred from TIMS. However, as the mass bias of a multi-collector ICP-MS is about 10 times that of a TIMS, it has been suggested 1 that the mass bias behaviour should be better characterised, especially where isobaric interferences need to be corrected. This is particularly true where hafnium purification is not possible prior to sample introduction to MC-ICP-MS. For example, the laser ablation of solid samples frequently involves coincident ionisation of the REE. Yb thus introduced results in isobaric 176 Yb interference on the radiogenic 176 Hf, which is the isotope of interest in the hafnium system. As such, the correction of isobaric interferences needs to be rigorously constrained to achieve a satisfactory accuracy of Hf isotope ratios.
It has been suggested that the extent of mass bias in plasma source instruments varies with mass in a coherent fashion. 2, 3 Therefore, it should be plausible to use the mass bias determined for isotopes of one element to correct externally the isotopic mass bias of an element with similar mass (e.g., Tl-Pb 2 and Zn-Cu 3 ). It is also recognised that even neighbouring elements are not biased to exactly the same extent but that the relative mass bias remains constant over one measurement session. 3, 4 To achieve high precision and better accuracy these authors have applied a modified correction based on the correlation between the mass bias of element pairs. For isotopic systems with well-determined and invariant isotope pairs, the magnitude of mass bias during a run can be assessed (e.g., 146 Nd/ 144 Nd and 179 Hf/ 177 Hf) and the calculated instrumental bias applied to radiogenic isotopes of interest and to relevant isobaric interferences. 5, 6 If differences exist between the level of ionisation of element pairs in a plasma, as proposed by Maréchal et al. (1999) and White et al. (2000) , better constraints on inter-element mass bias are needed to correct isobaric interferences, especially where interfering element/object element ratios are high. 176 Yb is a major isobaric interference that has to be corrected by monitoring another Yb isotope, e.g. 171 Yb or 173 Yb, during a Hf measurement. Some previous laser ablation studies 7, 8 have argued that the accepted isotopic abundances of Yb 9, 10 do not result in a consistently corrected 176 Hf/ 177 Hf ratio. Such studies have modified the values by empirically deriving a correction by generating a suitable Yb isotope ratio, which results in a consistent 176 Hf/ 177 Hf. This method is limited by the assumption that the Yb mass bias is consistent between the empirically derived solution and the sample measurements. In reality, the degree of bias is likely to vary with the nature of the sample matrix and through time.
In this study, we have evaluated the possible pitfalls in Hf isotope measurements on different instruments in order to achieve accurate results even with high levels of interference.
separate Hf rapidly and efficiently from isobaric and nonisobaric interfering elements, e.g. Yb and Ti. Two columns are employed for this separation scheme, anion exchange resin AG1-X8 (Bio-Rad) and EICHROM # Ln-resin (Table 1) . Ti in the analyte suppresses the ionisation of Hf, and thus Ti needs to be removed from the sample such that the Ti concentration is less than 1 mg g 21 in the measurement solution. 13 The use of hydrogen peroxide, which raises the oxidation state of Ti and forms the yellow-tinted peroxytitanyl compound Ti(O-O) 21 , results in a satisfactory separation of Hf and Ti. 1% of H 2 O 2 is added to the HCl in the second column eluate ( Table 1) . The collected fraction from the second column is converted to a 2% HNO 3 matrix for analysis. The recovery of this chemical separation is generally about 90%.
Instrumentation and measurement systematics
Two different types of MC-ICP-MS have been used to measure Hf isotopes in this study: an IsoProbe (Micromass Ltd., UK) at Southampton Oceanography Centre and a Nu Plasma (Nu Instruments, Wrexham, UK) at The Open University. Details of these two instruments have been described elsewhere. 14, 15 All standards and samples were prepared with 2% HNO 3 and introduced via two types of desolvating nebulizers, the MCN 6000 and the Aridus (both from CETAC, Omaha, NB, USA) for the IsoProbe and the Nu Plasma, respectively. The normal operating conditions of the two instruments are summarised in Table 2 .
Hf isotopes on the IsoProbe and Nu Plasma are measured statically in the Faraday collector arrays shown in Table 3 . Various collector configurations were examined with the JMC 475 Hf standard on the IsoProbe; the results were indistinguishable within the error of the measurements (Table 4) . This suggests that there are negligible differences between the collector efficiencies of each Faraday collector and justifies the use of static analysis. In both instruments, collectors were set to measure both 171 Yb and 173 Yb to calculate the 176 Yb interference on 176 Hf and to determine the mass bias of Yb isotopes (detailed below). On the IsoProbe, the collector positions were checked before each analytical session using a mixed solution of Hf, Lu and Yb (Hf at y12 ng ml 21 , Lu at y1 ng ml 21 and Yb at y0.1 ng ml 21 ). On the Nu Plasma, the zoom lens system was set at the values determined to accommodate the dispersion of the Hf isotopes amongst the fixed collectors. The beam intensities of both instruments were then optimised by adjusting the torch position, gas flows, ion focusing and magnet field settings. The overall input/output efficiency, i.e., the final ion current measured relative to the amount of Hf introduced, was 0.5% for the IsoProbe and 0.2% for the Nu Plasma. The collector baselines were measured on-peak on the IsoProbe using the same 2% HNO 3 used for the sample matrix. These baselines were then subtracted from the appropriate peaks of subsequent standard or sample measurements. On the Nu Plasma, the baseline was measured at half masses and corrected on-line during each measurement. For both instruments, the sample analysis baselines were remeasured after cleaning the sample introduction system with 10% HNO 3 , 1% HF, MQ (high purity deionised water) and isopropyl alcohol (IPA) for 15 min, followed by 5 min of equilibration in 2% HNO 3 . Following the cleaning procedure no differences were detected between the on-peak 2% HNO 3 baselines and the instrument baselines.
Laser ablation analyses on the IsoProbe at the SOC were achieved using an ArF excimer laser system operating at a wavelength of 193 nm (4D Engineering, Hanover, Germany). The laser produces a beam size of 40 mm, has a pulse duration of 10 ns and an optimised repetition rate of 4 Hz. Ablated sample material is carried to the IsoProbe using a mixed He 1 Ar carrier gas. Analysis time was in the range 60-200 s. For the duration of the ablation the laser position and focus was fixed; no rastering was used. This typically gave total Hf signals of 7 6 10 215 A mg g 21 s
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. To investigate fractionation relationships and determine the isotopic abundance of Yb, we have used a VG Sector 54 thermal ionisation mass spectrometer (TIMS). REE solutions used in the experiments were measured in either static or dynamic collector arrays using ion beams generated from triple filament assemblies with Ta side and Re centre filaments.
Tail correction
It is recognised that the scatter of ions from a high abundance signal produces a 'tail' of extraneous ions across adjacent masses. This effect is proportional to the analyser vacuum condition 13, 16, 17 and will induce a background over-correction if baselines are measured at inter-peak (half mass) positions. The tail effect is the contribution of the signal from a given peak at 1 Da on the low mass side, e.g., the proportion of a 209 Bi ion beam measured at m/z 208. This abundance sensitivity is expressed in ppm and is generally proportional to the analyser vacuum (Fig. 1) . If the analyser vacuum remains constant (e.g., at y3 6 10 28 mBar), the tail effect is a constant factor.
Abundance sensitivity measurements on the IsoProbe are approximately a factor of 3 higher than on the Nu Plasma, 17 and as such the tail effect is significant and requires correction. We have determined the low and high mass tail effects on the IsoProbe across the Hf mass range by using 181 Ta and 169 Tm, respectively (Fig. 2) . Signals measured at 0.5, 1.5, 2.5 and 3.5 Da away from 181 and 169 are used to interpolate the abundance sensitivity at 1-4 Da. The tail factors in the Hf isotope range on the low mass side are 8, 3, and 1 ppm at 1, 2, and 3 Da, and on the high side are 6 and 1 ppm at 1 and 2 Da, respectively. During Hf measurement each mass is corrected for the tails of all other peaks, for example in the case of Tm. Inset graphs show the calculated abundance sensitivity (tail correction factors) interpolated from the scans.
is the tail at 1 Da heavy, and so on. The effects of tails are most significant where a low abundance isotope is close in mass to a high abundance isotope. In the Hf system this is particularly true for 175 Lu, which is adjacent to [176] [177] [178] Hf. Tail corrections on the Nu Plasma resulted in a 0.000003 shift in the 176 Hf/ 177 Hf result. This indicates that any errors resulting from the use of half-mass baselines are negligible as they are considerably smaller than the in-run errors on the measurements. (Table 5) ) fall within the range of published data.
13,18-21

Mass fractionation
In this study, we have assessed the instrumental mass bias using an exponential law:
where R m is the measured ratio of an isotope of exact mass M B to an isotope with exact mass M A , R t is the accepted ratio of the two isotopes and hence b is the mass bias coefficient
b is calculated using an invariant isotope ratio with accepted values. In the case of the Hf system, R t~1 79 Hf/ 177 Hf0 .7325. 23 Other measured Hf isotope ratios can be corrected for mass bias using the b determined for 179 Hf/ 177 Hf (Table 6 ). This assumes that the bias across the Hf mass range can be described by the exponential law. In the case of Nd isotopes, the experimental relationship results in a slightly decreasing b value for ratios involving progressively heavier isotopes, 1 suggesting that the mass bias deviates marginally from the exponential law. c All rock standard data acquired for this study were made using the IsoProbe.
results from both instruments in this study are slightly higher (y0.000200) than published values. 
Interference correction of Hf isotopes
In this study, we have used a series of Yb-doped JMC 475 Hf solutions, so that the total Yb/Hf ranged between 0.0002 and 0.05, to evaluate the capability of the interference corrections on both the IsoProbe and the Nu Plasma. The results of these experiments are described below.
The mass bias relationship between Yb and Hf
If plasma ion sources provide similar levels of ionisation of elements with similar masses then it is plausible to use the measured Hf mass bias to correct the bias within the interfering elements, Yb and Lu (i.e., assuming b Hf~bLu~bYb in eqn. 3). Fig. 4(a) 
From this equation it is clear that b Yb is apparently greater than b Hf , which would lead to the under correction of the 176 Yb and produce an overly radiogenic Hf isotope ratio in analyses where Yb is present. It should also be noted that the trends produced by each instrument from variations in mass bias cut across the overall correlation line (Fig. 5) . The relationship of b Hf to b Yb given by this line could potentially be used to correct the Yb mass bias in the determination of 176 Hf/ 177 Hf. Results of this correction procedure on the range of mixed Hf-Yb solutions are shown as the open symbols in Fig. 4(a) . Over the range of mixtures used, the 176 Hf/ 177 Hf is invariant within error, indicating a satisfactory correction.
Despite the success of the empirical correction, it does not solve the question as to whether the results from Hf-Yb mixtures are a product of differing ionisation of the two elements or are related to inappropriate isotopic abundances. To test this further we have investigated Yb isotope abundances using TIMS. Yb accepted ratios may be too low. We have carried out a series of TIMS measurements to attempt to evaluate the validity of the currently accepted Yb isotopic ratios. To do this we have utilised other rare earth elements, Nd and Ce, which have well constrained isotopic abundances 25, 26 based on the analysis of gravimetric compounds or rigorous examination for geochronological measurements. These elements are used here as analogues of the fractionation behaviour of Yb during thermal ionisation.
Yb isotope abundances measured on TIMS
It is recognised that in TIMS analysis pure fractions of elements consistently produce light isotope enriched ratios during the initial stages of ionisation at a given temperature and sample quantity on the filament. This is one of the fundamental principals of external fractionation correction of Pb isotopes used through the last 40 years. The use of double spike Pb techniques on TIMS has superseded the external fractionation correction as the method of choice 16, 27 but within the errors of the external correction technique, good estimates of the level of fractionation can be achieved. In the case of Nd, large sample loads (y1 mg) of purified Nd result in 146 Nd/ 144 Nd ratios that focus around a particular value, particularly during the initial stages of the ionisation.
We have examined 37 measurements of Nd isotopic standards (JMC321, La Jolla and JNdi) with Nd loads in excess of 500 ng. During the first 15 min of measurement (30 ratios) the average 146 Nd/ 144 Nd~0.719433 ¡ 0.00139 (2 se), which is lighter than the accepted value of 146 Nd/ 144 Nd (0.7219), and equates to a b value of 20.248 (Table 8) . These measurements, performed over a period of 6 years, conform to the typical light to heavy thermal fractionation progression. A similar comparison for Ce isotopes using the 138 Ce/ 142 Ce produces a b value of 20.219, indicating that the level of initial fractionation is similar between these elements, despite variations in their first ionisation potentials. If we assume that the behaviour of Yb using identical analytical protocols is comparable to that of Nd and Ce, we can apply the b value generated from the other rare earths to correct the measured Yb isotope ratios. Taking 173 Yb/ 171 Yb as a reference, we have taken the average initial value measured on the TIMS (1.129416) and fractionation corrected it using b~20.248 to give 173 Yb/ 171 Yb~1.132685. Using this as a normalising ratio (i.e., as R t in eqn. 2) the other Yb ratios can be internally corrected for fractionation. The resulting ratios are presented in Table 8 . Using the same 173 Yb/ 171 Yb value, Yb ratios measured on the MC-ICP-MS instruments are normalised in the same way and are shown for comparison in Table 7 . (Table 7) . (Table 7 , TIMS/P54) on the IsoProbe and Nu Plasma, respectively. The correlation derived from present Yb values is presented in a dashed line as y~1.272x. Closed squares/circles are the same measurements using the new Yb values from this study; they are parallel to the correlation line. The Yb isotope ratios calculated in this thermal ionisation experiment can now be applied to the Hf-Yb measurements. These are plotted as solid symbols in Fig. 5 , and lie much closer to the b Hf~bYb line than data calculated using the currently accepted Yb ratios. Furthermore, the data from each instrument lie parallel to, rather than across, lines intersecting the origin. In a similar fashion, the new Yb ratios can be applied to the series of Hf-Yb mixtures, the recalculations of which are shown in Fig. 4 28,29 b values on the IsoProbe for a range of masses are U y1.2, Pb y1.3, Hf y1.9, Nd y2.3, and Sr y2.5. However, slight increases in bias towards lower mass ratios have also been observed in the isotopic spectrum of individual elements, 1 which may be the case for the Yb data presented in this study.
The discrepancy between the Hf-Yb mixtures corrected using b Hf~bYb and a constant 176 Hf/ 177 Hf (Fig. 4(b) , closed symbols) can be adjusted using a correction developed in a similar way to eqn. 5, except that the level of adjustment is smaller. The result of this additional correction is shown in Fig. 4(b) as the open symbols.
Lu can be investigated in a similar fashion to Yb. Values suggested for 176 Lu/ 175 Lu vary considerably, 24, 30, 31 including the commonly used value of 0.02656. 6 This variation is related to the difficulty in determining the Lu isotopic ratio since only two isotopes exist in nature and the proportion of 176 Lu is very small (2.59%). Fractionation analyses performed on TIMS and adjusted in the same way as Yb produce a ratio of 0.02655 (Table 7) , which is close to the present recommended value. (Fig. 7, 
Yb correction of laser ablation analysis by MC-ICP-MS
For comparison, the Yb and Hf mass bias relationship described above was tested using laser ablation as an alternate sample introduction method. The NIST SRM 610 glass 30 and Blichert-Toft et al; 6 crossed squares from Holliger and Devillers, 24 and closed squares from this study, Table 7 ) and closed circles are those for Hf. Some mass averages are derived from 2 sets of isotope ratios, i.e. b Yb line. The differences between the solution and laser mass bias are likely to be small as both introduction methods present the plasma with sample in the form of a dry aerosol. Although the signal levels generated by laser are lower, these results indicate that a similar correction procedure to the solution analysis can be applied.
Conclusions
In this study we have examined the relationship between Yb and Hf mass bias with a view to improving isobaric interference corrections. 
